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Effect of Fluid-Solid reactions
Application to active faults: various scales of time
Seconds to minutes: 
- mechanical (pressure) 
- catalytic (melting) effects
Year to thousands years
- weakening vs strengthening 
(dissolution > sealing)  
- change of fluid pressure & flux
Thousands to millions of years
- large finite deformation
- tectonic layering
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Pressure solution is associated with seismic faults
Characteristics of pressure solution
BOTH A MECHANISM OF CREEP AND OF SEALING 
Gratier et al 2003, Boullier et al 2004
How pressure solution kinetics evolves with time:
- What can explain such opposite evolutions? 
- Are they connected and how?
- What are the characteristic times of such evolutions?
How pressure solution kinetics evolves with time:
experimental evidence of opposite evolution during earthquake cycle 
-What can explain such opposite evolutions? 
- Are they connected and how?
- What are the characteristic times of such evolutions?
Pressure solution creep & sealing laws: basic concepts 
Gibbs 1877, Weyl 1959, Paterson 1973, Rutter 1976, Robin 1978, Lehner 1990, Shimizu1995...
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Pressure solution creep & sealing laws: basic concepts 
diffusion controlled (D = diffusion)
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Rutter 1976, Raj 1982
reaction controlled (k = kinetics)
     Δd/Δt =  A   k c (Δσ)n / RT
Pressure solution creep & sealing laws: basic concepts 
diffusion controlled (D = diffusion)
   Δd/Δt = B D w c (Δσ)n / RT d2
reaction controlled (k = kinetics)
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1 < n < 2 Niemeijer et al. (2002) n = 1 or (Δσ)n <> (e-σ/RT) Dewers & Ortoleva (1990)
Pressure solution creep & sealing laws: basic concepts 
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experiment : evolution of displacement-rate with fracturing
Halite, 25°C, brine
Pressure solution : weakening effect of fracturing
Gratier & Gueydan 2007
Halite, 25°C, brine
Pressure solution : weakening effect of fracturing
experiment : evolution of displacement-rate with fracturing
Δl/Δt = f (1/d2)
Fracture (μm) reduces 
the distance of mass 
transfer along the very 
thin fluid phase (nm)
Gratier & Gueydan 2007
Assuming constant displacement rate
Modeling : evolution of stress values with fracturing
S
F
F F
Pressure solution : weakening effect of fracturing
Gratier et al 1999
Pressure solution : strengthening effect of crack sealing
Sealing of the fractures at all scales in California faults
How pressure solution kinetics evolves with time:
experimental evidence of opposite evolution during earthquake cycle 
- What can explain such opposite evolutions? 
- Are they connected and how?
- What are the characteristic times of such evolutions?

Brantley et al 1990,      Beeler & Hickman 2004,    Etheridge et al 1984, Gratier et al 2003
Pressure solution: evolution of roughness
λ t1/3 Δd/Δt t1/3
Dysthe et al 2003
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Evolution of the roughness with time, width of the interface = some microns
Pressure solution: evolution of cohesion
Tenthorey & Cox (2006)
Fracturing then healing of Fontainebleau sandstones (927°C):
effect of the duration of the healing, width of the cracks = some microns 
Activation energy = 68 kJ/mole/°
Theoretical creep curves for 1D compaction 
by intergranular pressure solution for open 
system (Lehner 1995)
aa
Pressure solution : strengthening effect of compaction
Evolution of the area of dissolution and of the distance of mass transfer
Open system: Lehner 1995
Theoretical creep curves for 1D compaction 
by intergranular pressure solution for open 
system (Lehner 1995)
aa
Pressure solution : strengthening effect of compaction
Evolution of the area of dissolution and of the distance of mass transfer
Open system: Lehner 1995
Experimental uniaxial compaction creep of wet 
gypsum aggregates (de Meer & Spiers 1997)
Open system: de Meer and Spiers 1997
Pressure solution: evolution of fracture porosity
Δd /Δt = β D w c (e3σV/RT −1) /ρ d2
Pressure solution of quartz by indenter technique
Gratier et al. 2007
Pressure solution: evolution of fracture porosity
Δd /Δt = β D w c (e3σV/RT −1) /ρ d2
φ = φo e - t / τ
Pressure solution of quartz by indenter technique
Evolution of fracture porosity at 5 km: 
effect of fracture spacing, 
width = 12% of spacing
Gratier et al. 2007
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Modeling fluid flow along faults
Fluid  flow
Renard et al 2000
Gratier, Favreau, Renard 2003
Modeling fluid flow along faults
Rice 1992,  Sleep and Blanpied 1994 
fault
Gratier, Favreau, Renard 2003
Modeling fluid flow along faults
fault
Modeling fluid flow along faults
Gratier, Favreau, Renard 2003
ko = 10-9 m/s
(1.7 10-17 m2)
τf = 70 years
ko = 10-9 m/s
(1.7 10-17 m2)
τf = 7000 years
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After fracturing
Modeling rheological evolution of faults
earthquake
Gratier & Gueydan 2007
(10 - 1000 
years)
1D SIMPLE SHEAR
No thermal effect 
(metre-scale models)
At constant velocity
Transient evolution of the 
fault zone rheology
9Weakening
9Strengthening
Gratier & Gueydan 2007
Modeling rheological evolution of faults
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After fracturing
1- 2 weakening prevails Sharp decrease of the fault strength
Increase of strain-rate in fault
2-3 strengthening          
becomes dominant
Recovery of the fault strength 
>  Nucleation of new seismic  fractures
2 3
Modeling rheological evolution of faults
Gratier & Gueydan 2007
earthquake
Increase in ϕS
•Decrease the duration of the 
recover (> seismic cycle)
•Decrease the amount of 
weakening (strengthening 
becomes dominant earlier in 
the time evolution)
ϕW =10; ϕS =1/or /5
Gratier & Gueydan 2007
Modeling rheological evolution of faults
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CONCLUSION
Mechanical and transport properties evolve with time in active fault
1 - Fracturing increase permeability & pressure solution creep and sealing rates : 
characteristic times are almost instantaneous
2 - Healing and sealing progressively decrease permeability & strain-rate : 
wide range of characteristic times (from months to millennia) depending on the 
pressure solution laws parameters
3 - With data from both experiments and nature it seems possible to model fault 
permeability and strength evolution in active fault zones. 
WHAT NEXT
NATURE
Fracture spacing, PT conditions, fluids & minerals
Evaluate the kinetics of the processes (dating)
Geophysical and geochemical measurements
LAB
Constrain kinetics (dissolution / sealing)
Experiments with fracturing and pressure solution
Experiments on poly-mineral & porous rocks 
MODEL
Macroscopic numerical models that include evolution 
of transport properties and rheological laws 
Incorporate relevant kinetics &
geophysical and geochemical measurements
Time (days)
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Fracture sealing rates from oilfield to grain
